We demonstrate a silicon photonic transceiver circuit to implement polarization encoding/decoding for DV-QKD. The circuit is capable of encoding BB84 states with >30 dB PER and decoding with >20 dB ER.
Introduction
Quantum key distribution (QKD) is capable of providing absolute security compared to traditional cryptography [1] . Researchers have made tremendous progress to bring QKD from theoretical discussions to daily applications since the first protocol BB84 was proposed by C. H. Bennett and G. Brassard [2] . However, one limitation of most existing commercial QKD systems is that bulk optical components used in transceivers require quite some space and have too high of a cost for ubiquitous applications. Some recent works have been seeking for a solution from silicon photonics (SiP) [3, 4] to minimize the footprint of QKD transceivers. In this paper, we demonstrate an integrated SiP transceiver fabricated at Sandia National Laboratories for discrete variable QKD (DV-QKD) protocols. This transceiver integrates a polarization beam splitter, polarization splitter rotators, carrier-depletion phase shifters and amplitude adjustments and a Mach-Zehnder interferometer (MZI) to choose the basis states. Our measurement indicates that this transceiver is capable of encoding/decoding the BB84 polarization states namely, transverse electric (TE)/transverse magnetic (TM)/45˚/135˚ polarizations, with >30 dB polarization extinction ratio (PER) for the transmitter and >20 dB extinction for the receiver. In comparison to previous reports, our device is expected to operate at very high bit rates due to electro-optic-based modulation [3] , and only requires a single fabrication technology for transmit and receive functions. When the SiP transceiver operates as a transmitter (TX), TE polarized light in coupled into a 2×2 MZM from either bar or cross port. The optical components shown in Fig. 1 split, attenuate, shift and rotate the light to create a BB84 state at the output of the PBS. A receiver (RX) has a common structure with the TX, but sends light in the opposite direction. Encoded pulses are coupled into the PBS which splits the TE component into the top branch and the TM into the bottom branch. The phase shifters on the MZM φ 1 and φ 2 and the fine phase adjustments φ 3 and φ 4 determine the measurement polarization basis of two orthogonal states. As we change the phase introduced by φ 1 to φ 4 , we are able to achieve high extinction ratios (ERs) for both rectilinear and diagonal bases.
SiP transceiver design

SiP transceiver characterization
We connected the output of a TX module to a polarimeter using a lensed single mode fiber to study the output state of polarization (SOP). Each yellow point plotted on the Poincare sphere in Fig. 2(a) represents a measured SOP at 1585 nm wavelength. As we looped through a range of bias voltage applied on φ 1 to φ 4 , the output SOPs gradually cover the entire sphere, which means the TX is capable of encoding any arbitrary SOP, including the BB84 states H, V, 45˚ and 135˚(at the back of the sphere) in Fig.2 (a) . We further studied the output BB84 polarizations at 1565 nm wavelength, and achieved polarization extinction ratios (PERs) of ~31.2, ~34.2, ~37.3, ~37.6 dB for TE/TM/45˚/135˚ polarizations, respectively. The degree of polarization was maintained above 0.9885 regardless of the SOP in the measurement.
We measured the speed of polarization modulation of the TX by applying a non-return-to-zero (NRZ) signal to φ 1 . With proper DC bias on φ 4 and DC offset on φ 1 , the NRZ signal modulates the output SOP between TE and TM. By using a fiber-based polarizer, we can isolate the TE component of the light and measure it using a fast photodiode. In this way, we generated a clear eye-diagram at 5 Gbps modulation rate, shown in Fig.2 (b) . The device showed error-free operation >5 min when operated at this condition. In this measurement, φ 1 was forward biased and φ 4 was reverse biased. A first glance at the data indicates highest ER around ~30 dB for all the four input BB84 polarizations, however, we must use bias conditions that simultaneously provide a high ER for both polarizations of a given basis in practical operation. Thus, in order to locate the optimal operation condition, we compare ERs at the same bias points for complimentary cases, for example Fig.3 (a) and (b) . We define the lower absolute ER of the two polarizations as the operational ER. Therefore, the optimal operation ER is 20.7 dB for rectilinear basis and 20.5 dB for diagonal basis. 
